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Overview...

Biological Effects of lonising Radiation
- Absorbed dose, Quality or Weighting Factor, Equivalent Dose

Attenuation of Gamma Radiation
- Calculation of the energy absorption, calculation of the
equivalent dose rate, absorption in tissue, attenuation in shield
materials, build-up factors

Nucleonica’s Dosimetry & Shielding Module
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Absorbed Dose

Usually the interaction of radiation with matter involves a transfer of energy from the
radiation to the matter. Ultimately, the energy transferred either to tissue or to a
radiation shield is dissipated as heat. The radiation dose depends on the intensity and
energy of the radiation, the exposure time, the area exposed and the depth of energy
deposition.

The modern Sl unit of absorbed dose is the gray (Gy) where one gray is one joule per
kilogram 1Gy = 1 J kg~'. In dosimetry, it is useful to define an average dose for a
tissue or organ D;. The absorbed dose to the mass dm-, is defined as the imparted
energy OE; per unit mass of the tissue or organ, i.e.

D; = dE{/dm;.

The absorbed dose rate is the rate at which an absorbed dose is received. The units
are Gy s, mGy hr™1, etc.

Biological effects depend not only on the total dose to the tissue but also on the rate at which this dose was received. In
organisms, mechanisms exist which enable molecules such as deoxyribonucleic acid (DNA) to recover if they have not been too
badly damaged. Hence it is possible for organs to recover from a potentially lethal dose provided that the dose was supplied at a
sufficiently slow rate. This phenomena is exploited in cancer radiotherapy
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Quality or Weighting Factor

The biological effect of radiation is not

just directly proportional to the energy Quality or weighting factors for different types of radiation
deposited by radiation in an organism. It

depends, in addition, on the way in which Radiation type Radiation weighting factor, wp
the energy is deposited along the path of Phatons

the radiation, and this in turn depends on
the type of radiation and its energy.

1
Electrons® and muaons 1

Protons and charged pions 2

Alpha particles, fission fragments, heavy ions 20

Thus for the same absorbed dose, the
biological effect from high LET radiation
such as a particles or neutrons is much
greater than that from low LET radiation
such as 3 or y rays.

Meutrons A cantinuous function of neutran energy
See Radiation weighting factors
All values relate to the radiation incident on the body or, for internal radiation sources,

emitted from the incorporated radionuclidels).

A Note the special issue of Auger electrons discussed in ICRP 103 (2007).

The quality or weighting factor, wg, is

introduced to account for this difference

in the biological effects of different types HTR = Wg - DT,R ’
of radiation. The weighting factors for the

various types of radiation and energies is

given in the table.

where H; is the equivalent dose in tissue T and wy, is the radiation weighting factor

The SI unit of dose is the Sievert, Sv (1 Sv = 1 J kg-1, the old unit is the rem, 1 Sv = 100 rem). o
This is the equivalent dose arising from an absorbed dose of 1 Gy
nucleonlca.'.'
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Attenuation of Gamma Radiation

The attenuation coefficient discussed above is a measure of
how photons are removed from the beam under conditions of
good geometry. Attenuation is a result of three basic processes:
the photoelectric effect (pe), Compton scattering (cs), and pair
production (pp) and the total attenuation coefficient is a sum of
the attenuation coefficients for these processes.

The total attenuation coefficient u given above is the
fraction of the energy of the beam that is removed
per unit distance in the medium. The energy

absorbed in the medium is determined by the E
energy absorption coefficient u,,. The difference E
between u and p,, results from the fact that energy e
may be lost from the medium through Compton : COMPTON
scattering and by annihilation radiation. é SdAsey
i PHOTOELECTRIC <. PAIR PRODUCTION
» For dose calculations in tissue for example, the EFFECT \

energy absorption coefficient ., must be used.
* For shielding calculations, the attenuation
coefficient should be used.
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Attenuation of Gamma Radiation

Gamma radiation cannot
be completely absorbed,
but only reduced in
intensity, when passing
through matter. If mono-
energetic gamma
radiation attenuation
measurements are made
under conditions of good
geometry, i.e. with a well-
collimated, narrow beam
of radiation, a straight-line
relationship between the
logarithm of the intensity
versus the thickness d of
the shield is obtained.

Source

I = In - e { o) (pd)

-#— Collimeter

Detector
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However, under conditions of poor geometry, i.e.
for a broad beam or for a very thick shield, the
above relation underestimates the required shield
thickness. It assumes that every photon that
interacts with the shield will be removed from the
beam and thus will not be available for counting in
the detector. Under conditions of poor geometry,
as shown in Figure, this assumption is not valid; a
significant number of photons may be scattered
by the shield into the detector, or photons that had
been scattered out of the beam may be scattered
back in after a second collision.

The shield thickness for conditions of poor
geometry may be estimated by modification of the
basic attenuation relation given above through the
use of a build-up factor B, i.e.

i J
Shield Detector

Gamma radiation attenuation under conditions of
broad beam geometry showing the effect of
photons scattered into the detector

I _— B . _I!T” . —| Iy I."I_l'J] . I::l,'.-.-lI i
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Calculation of the Equivalent Dose Rate

—i(Sv/h) = I:_-r_l.T'l"ll..l_-L_:I'_."iI.-" [.4'51’?'.]-? E(keV)-P-By.e™ ek '
.L_-l‘

dt
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Absorption in Tissue

The dependence of (u/p);s on energy is shown in Fig. 1. This data has been taken from the
NIST database. In the calculations, a linear interpolation is carried out (actually the linear
interpolation is carried out on the log (mass-absorption coefficient) vs. log(energy) plot).
For energies lower than the minimum energy (0.001 MeV), an extrapolation is performed.

Energy (e /p)““ Energy (1 /p)“* Energy (u/p )lis
(MeV) (em?g—1) (MeV) (cm? g1 (MeV) (em? g1

1.00E-03 3.70E+03 8.00E-03 9.94E+00 6.00E-01 3.25E-02
1.04E-03 3.38E+03 1.00E-02 4.99E+00 8.00E-01 3.18E-02
1.07E-03 3.08E+03 1.50E-02 1.40E+00 1.00E+00 3.07E-02
1.50E-03 1.25E+03 2.00E-02 5.66E-01 1.25E+00 2.94E-02
2.00E-03 5.58E+02 3.00E-02 1.62E-01 1.50E+00 2.81E-02
2.15E-03 4.57E+02 4.00E-02 7.22E-02 2.00E+00 2.58E-02
2.30E-03 3.78E+02 5.00E-02 4.36E-02 3.00E+00 2.26E-02
2.47E-03 3.09E+02 6.00E-02 3.26E-02 4.00E+00 2.05E-02
2.64E-03 2.59E+02 8.00E-02 2.62E-02 5.00E+00 1.90E-02
2.82E-03 2.14E+02 1.00E-01 2.55E-02 6.00E+00 1.79E-02
3.00E-03 1.82E+02 1.50E-01 2.75E-02 8.00E+00 1.64E-02
3.61E-03 1.06E+02 2.00E-01 2.94E-02 1.00E+01 1.55E-02
4.00E-03 8.03E+01 3.00E-01 3.16E-02 1.50E+01 1.42E-02
5.00E-03 4.14E+01 4.00E-01 3.25E-02 2.00E+01 1.36E-02
6.00E-03 2.39E+01 5.00E-01 3.27E-02
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Dosimetry and Shielding
27 Cobalt

Current Chart: Karlsruhe
The Dosimetry and Shielding in |
Nucleonica allows the user to calculate  [EEEEIIEIEEEIRNE Wi
gamma dose rates from point sources of
single nuclides and nuclide mixtures. Cinctude daughters
The user interface is shown in figure. e T e

Source strength Shielding material Dose rate (uSv/h)

Activity(Bg) v | [1.0000e+5 Pb v 1|em

The main tab allows the user to select the
nuclide source strength, source / detector
distance, shield material and material
thickness.

Detector

Source/detector distance (cm)
|

100
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Results for 1IMBq Co-60 with 1cm Pb shielding

Dosimetry and Shizlding Dose ratefThickness graph Optians

Show details...

Source strength Shielding material Dose rate (pSv/h) [“]Show radistion details

Activity(By) +||1.0000e+8 Fb v , 2.67E-01 uatio

27 Co B0 1332.49 1 0.64 1.53E+00 0.0289 0143 0131
27 CoB0 1173.23 08549 0.704 1.467E+00 0.0298 0124 017

27 Cok0 8261 T BE-05 0.875 1EYE+00 0.0316 f.83E-06 5.31E-06

‘ ‘.‘ _ s - 27 Co B0 2158.57 1.2E-05 A ||St of a” energy |ines and 2 BBE-06 2.48E-06

27Co B0 347.14 7.5E-0 " e : 218507 1.95E-07
27 Co B0 2505.69 2E-08 emission probabilities used in 4.97E-09 4.83E-09
27 Co B0 747816 B.44E-05 the calculation are given 0 0
27 Cofi0 7.46089 3.27E-05 3090 1 123 0 0
27Cofi0 826 1.31E-05 2400 1 8.01 0 0
Source/detector distance (cm) 27 Co B0 0.85 1 49E-08 81200 5380 0 0

100

Shigl Detector

Gamma spectrum...
Summary table...

ﬁalf—\ialue Shield Thickness({cm) 2.02E+00
Tenth-Yalue Shield Thicknessicm)
Equivalent Dose Rate Canstant M{m Sy-m@GBogh)

27 Co 60: Gamma and X-rays spectrum

5.03E+00
33TE-01
2.67E-01

half- and tenth-value thicknesses
of shield material and the specific
gamma dose rate constant.

Tissue Gamma Dose Rate (pSwvh)
Exposure Rate {pGyh) 2 48E-01
Effective Build-up factor 1.558E+00

Effective Number of Mean Free Paths (p-d) 6.70E-01

Download | (Excel (OCSY  Separator: | Semicolon ') w [ Use field qualifier )

Emission Probability

Mumber of lines & ZE. P 280E+06
Mumber of lines {=): FE P 8.35E-01
Qumber of lines (e+): E P.itotal): 2 A50E+06

i i
1000 1500
Gamma Energy (keV’

Subsidiary quantities used in the calculations, such as the absorption coefficient, number
of mean free path in the shield material, and the build-up factor for each energy line are

Download

glven- Save Configuration
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Dosimetry and Shielding
27 Cobalt
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Current Chart: Karlzruhe

Element: Mass:

L]
Co »||B0 %| %s| Nuclide Mixtures Selector

D Ose R ate / Dasimetry and Shiglding Doge ratedThickness graph Options
TthkﬂESS Tab Number of points: 40

Attenuation: 1000

Questions, remark

Dose rate from 1E+06 Bq of 27 Co 60 at 100 cm
Gamma and X-rays (Threshold: 15 keV)

Dose rate (uSvih)

B 8
Pb shield thickness (cm)
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Options Tab:

In the Energy range option, the
user can choose to include only
gammas, X-rays, or both in the
calculation. In addition the user
can set the minimum (threshold)
energy of gamma and X-rays to
be included in the calculation. The
default value is 15 keV — photons
with lower energy are absorbed
by the outer layers of human
tissue.

Dosimetry and Shielding

27 Cobalt
current Chatt: Karlsruhe

Eletment Mazz

Co | |BO

[ ]inelude daughters

Dasimetry and Shielding Doze ratelThickness graph

Dosimetry and Shielding Settings

Energy range option:

(*) Gamma and X-rays

Threshold set

Threshold energy (ke

Result Detail option:

Mizture selector

Options

Mode of operation option:

Showy Muclides
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Dosimetry and Shielding
27 Cobalt

Current Chart: Karisruhe

» Calculation of the dose rate for a
given shield material and thickness.

» Calculation of the thickness of il et

Activity(Ba)[] 1E+06 Pb

shield material required to obtain a
given dose rate

 Obtain the source strength when
the dose rate, shield material and .
thickness are known SR RA——

Dosimetry and Shielding Dose rate/Thickness araph Options

Source strength Shielding material Dose rate (uSv/h)
Activity(Bq) E] 1E+06 | 777 o 2.67E-07

Element: Mass:

Co [=][60 [=] a2 nucide Mixtures Selector

Dosimetry and Shielding Dose rate/Thickness graph Options

Source strength Shielding material Dose rate (uSv/h)
Activity(Bq) [ =] (772 Pb [+] 1 cm 2 67E-07

Source/detector distance (cm)
100

Yy

4
Shield

Source/detector distance (cm)
100
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The importance of including daughters:

example: Cs137

Dosimetry and Shielding Dosimetry and Shielding

55 Cesium 55 Cesium

Current Chart: Karlsruhe Current Chart: Karlsruhe

Element Mass Elemenit Mass

Mixture selector Mixture selector
Cs & [137 Cs ¥ |137

"Cooling" time
[Jinclude daughters Include daughters 10 Minutes

Dosimetry and Shielding Dose ratefThickness graph Options Dosimetry and Shielding Dose ratefThickness graph Options

Source strength Shielding material Dose rate (uSv/h) Source strength Shielding material Dose rate (uSv/h)

Activity(Bg) | |1.0000e+5 Pb v 2.31E-09 Activity(By) v | |1.0000e+6 Pb v 371E-02

|
|

Shield Detector Shield :

Source/detector distance (cm) Source/detector distance (cm)

100 100
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Bal37m has a half-life of 2.55 min. Even after 10 mins, the Bal37m is
the main dose contributor!
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Showe radiation detsils

1 56 Ba13Tm BAE1.657 0,422 1.69E+00 0.0371 0.0z4
Cs137 lines are

Do LS Tar £0.3.0 3 UokE-Uh l 1.76E+00 2.31E-09 1.99E-09

negllglble . 56 Ba 137m 321836 00179 267 1.03E+00 0 ]

56 Ba13¥m 31.8171 0.009649 295 1.03E+00

u] a
56 Ba137¥m 36.4 0.0065 209 1.04E+00 u] 1]
56 Ba137m 4.47 0.00488 956 10900 1 u] a

Download | (SExcel OGSy Separstor: | Semicalon (") [Cluse fisld qualifier (1

55 Cs 137: Gamma and X-rays after 10 Minutes cooling

[mmmm 56 Ba 137m mmmm 55Cs 137 |

Emission Probability

Gamma Energy (keV)
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Mixtures: Example natural uranium at t=0

Dosimetry and Shielding

Natural Uranium

Mixture

Natural Uranium Nuclide selector

|:| Include daughters

Dosimetry and Shielding Dose rate/Thickness graph Options Mixture details

Source strength Shielding material Dose rate (uSv/h)

Mass(y) v 1238.0 Pb v 292E-03

|
Shield :

Source/detector distance (cm)

100

At t=0: no daughters

9210234 2454 ky 291E+08 1.26E-02 5.20E-05
92 L1235 704 hly 1.35E+05 1.69E+00 2.84E-03
92 10238 4.468 Gy 2.94E+06 2.36E+02 2.70E-05
Total: 3 5.98E+06 238 2.92E-03

Download | (Excel (O oSy Separstor: | Semicolon " w [use field qualifier (*)

[]=how radistion details

Natural Uranium: Gamma and X-rays spectrum
[mmm 52 U235 mmmm 52 U234 mmmm 92 U238 |

Emission Probability

300 400 500 Goo
Gamma Energy (keV)

20
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42 Pb 206 Stable i a9 4HE12 i

82 Pbo207 Stable o SETEN o
o . = —_ a2 Pb 210 2220y 3ATEH 11ZE11 147E08
Mlxtures- Example natu ral uranlum at t_looy a2 Pb 211 %A m 1 29E402 2 18E-16 1497606
a2 Pb 214 HEm A GOEHI 4GIE-17 1.94E-06
83 Bi 210 502d 3ATEH GA0E15 1.40E-12
23 Bi 2N 2.14m 1.09E+02 1.HE1T 1.39E06

Dosimetry and Shielding 823 Bi 214 199 m A GOEHI IA4BET 1 AGEDS

84 Pa 210 1383764 2136401 188613 4.44E11
Natural Uranium 84 Po 718 310m 580EdM  5A3E12  TEOEN

8 Rn 10 306 100E402  404E10  1E0EDG

86 Rn 722 38736d  5.60E 100E14 337608

87 Fr 223 2200m  ZTEE0  183E18  2.48E08

88 Ra 223 1143 4d 100E402  10SE13  240E06

88 Ra 776 16004y 5.7DE01 156E00  5.37E08

Natural Uranium Nuclide:selector 80 fe 1T NIy ZO0EME  TATEN 7.3IE09
90 Th 227 1268 d 197E0Z  1TIE1Z  3.23E08
a0 Th 230 7538ky  2ETEM3  2S0ED6  1.36E07
20 Th 231 25,52 h 1366408 BESE1Z  TOSE04
Include daughters ‘1UD Years 90 Th 234 24.10d 2 B4E+0E 343E00  Z83E03
91 Pa 231 MFky  2E6Ed2  1B4EOT  221E06

91Paz34  B70R 441E03  BO3E14  B.83E04

91 Pazim  14Tm 204E406  1IBENZ  G8GE03

02 U 734 2465 ky  2OIEdE 126602 5.30E05

Mixture

"Cooling" time

Dosimetry and Shielding Dose rate/Thickness graph Options Misture details

92 U z3h 704 huty 1. 35 E+05 1.G9EHI0 2.84E03
92 U 238 4460 Gy 2O4E06 2IEDT  LTOEDS
Source strength Shielding material Dose rate (uSv/h) Total: 28 1.20E+07 38 1.43E0%

Mass(g) v ||238.0 Pb N 1.43E-02 Downlaad ':‘:'Bocel looy  Separabr:| Semicolon (7 W Dusemmqualrmr.'.

)

DCID‘J\.‘ radliation cetalks

Natural Uranium: Gamma and X-rays after 100 Years cooling

20 Th 231 [ M
a1 y

Shield Detector

Source/detector distance (cm)

100

Emisslon Probability

15;0 2000 25IUU 3000 f
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Shielding of lonising Radiation
with the Dosimetry & Shielding Module

J. Magill

Overview...

Biological Effects of lonising Radiation
- Absorber dose, Quality or Weighting Factor, Equivalent Dose

Attenuation of Gamma Radiation
- Calculation of the energy absorption, calculation of the
equivalent dose rate, absorption in tissue, attenuation in shield
materials, build-up factors

Nucleonica’s Dosimetry & Shielding Module

"
nucleonlcax'

rrrr

... web driven nuclear science

try and Shielding

.........

Source/detector distance (cm)

...............
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Hands on Exercises: Dosimetry & Shielding

What is the gamma dose rate from a 100 MBq source of Co-60 at 2m distance? (8.4 uSv/h)

A ®0°Co gamma ray irradiator containing a 2TBq source is directed at a 30 cm thick concrete
wall. The wall is situated at 7.5 m from the source. What the exposure rate behind the wall?
(1.08 mGy/h)

Regulation impose an exposure rate outside the room of 7.5 uSv/h max. What thickness of
wall would we then need? (75 cm)

We want to restrict the exposure rate inside the room (@1m from the irradiator) to 10 uSv/h
using lead. Calculate the required thickness. (20 cm)

PmTc is used in radioactive isotope medical tests, for example as a radioactive tracer that
medical equipment can detect in the body. It is well suited to the role because it emits readily
detectable 140 keV gamma rays, and it has a short half-life of 6.01 hours (meaning it has
almost completely decayed to ®°Tc in 24 hours). A patient is injected 30 mCi of °*™Tc. He is
considered as an unshielded source during the time there is radioactivity in his body. Thus the
staff is exposed to radiation. What is the equivalent dose rate that a staff member can be
exposed to? (medium is tissue, 1 cm thick @1 m distance) (16.5 puSv/h)

nucleonlca".'
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6. What is the gamma dose rate from 1 MBq freshly separated pure Cs-137 at 1m?
(2.36E-7 uSv/h)

* Why is this so different to the ambient dose rate h,, =9.2E-2 pSv/h?
(daughter Bal37m has not been considered)

Redo the calculation for Cs-137 and include the daughters. What is now the
gamma dose rate at 1m? (8.46E-2 uSv/h)

nucleonlca".'
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7. In question 6, the main gamma dose rate contribution arises from the
Bal37m daughter of Cs-137. We are interested in comparing the gamma dose
to the beta dose rate from Cs137:

* The beta particle energy from the decay of Cs-137 is 514 keV. Use the
Range & Stopping Power module to calculate the range of this beta
particle in tissue? (1.98 mm)

* Use the Virtual Cloud Chamber to show that 2 mm tissue is sufficient
to block all beta particles (try using 1 mm, 1.5 mm, 2 mm). Use the

following settings:
Medium = Vacuum, Shield = Soft Tissue (ICRP), Shield thickness = 2 mm, Patrticle: electrons,
Energy = 514 keV, No. particles = 100, Source diameter = 0 (point source), Magnetic field = 0.01
tesla, Source to shield distance = 10 cm, Source to detector = 20 cm

« Compare the h,, and h,, values. What do these quantities indicate?
[h,,=9.2E-2 pSv/h (mainly gamma dose rate), hy, = 20 uSv/h (mainly 3 dose rate)]

nucleonlca.'.'
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